Efficient expression of many mammalian genes depends on the presence of at least one intron. We previously showed that addition of almost any of the introns from the mouse thymidylate synthase (TS) gene to an intronless TS minigene led to a large increase in expression. However, addition of intron 4 led to a reduction in minigene expression. The goal of the present study was to determine why TS intron 4 was unable to stimulate expression. Insertion of intron 4 into an intron-dependent derivative of the ribosomal protein L32 gene did not lead to a significant increase in expression, suggesting that its inability to stimulate expression was due to sequences within the intron. Deleting most of the interior of intron 4, improving the putative branch point, removing purines from the pyrimidine stretch at the 3' end of the intron, or removing possible alternative splice acceptor or donor sites within the intron each had little effect on the level of expression. However, when the splice donor sequence of intron 4 was modified so that it was perfectly complementary to U1 snRNA, the modified intron 4 stimulated expression approximately 6-fold. When the splice donor site of TS intron 1 (a stimulatory intron) was changed to that of TS intron 4, the modified intron 1 was spliced very inefficiently and lost the ability to stimulate mRNA production. Our observations support the idea that introns can stimulate gene expression by a process that depends directly on the splicing reaction.
INTRODUCTION
The primary transcripts of almost all mammalian genes are interrupted by introns which must be removed during the processing reactions that lead to the formation of mature mRNA. Much progress has been made in understanding the biochemistry of the splicing reaction (1, 2) . However, information about the biological significance of introns has emerged more slowly.
Introns have been shown to be directly responsible for a variety of qualitative changes in gene expression. For example, alternative splicing of introns from primary transcripts can give rise to multiple mRNA (and protein) species from a single gene (reviewed in 3) .
Introns can also have quantitative effects on gene expression. Some introns contain promoter or enhancer elements and stimulate expression by increasing the rate of gene transcription (4) (5) (6) (7) (8) (9) (10) (11) (12) . Regulating the efficiency of intron splicing also appears to play an important role in the autogenous regulation of yeast ribosomal protein genes (13) , and in the growth-regulated expression of several mammalian genes for S-phase proteins (14) (15) (16) (17) (18) . Studies with chimeric genes or with intronless derivatives of normal genes have shown that addition of an intron to an intronless gene can lead to a large increase in the level of expression (19) (20) (21) (22) (23) (24) (25) . In many cases, the increase is not due to a change in the rate of transcription and is observed even when foreign or chimeric introns are inserted into the intronless genes. Buchman and Berg (26) showed that sequences located in the vicinity of the intron/exon boundaries are responsible for the stimulatory effects of some introns. These and earlier studies are consistent with the possibility that the splicing reaction itself is required for efficient production of a variety of mRNA species.
We have been studying the effects of introns on the expression of the mouse thymidylate synthase (TS) gene. The mouse TS gene is 12 kb in length and consists of a 1 kb open reading frame that is interrupted by 6 introns (27) . Intronless derivatives of the mouse TS gene direct the production of small amounts of normal TS enzyme and mRNA when transiently or stably transfected into TS(-) hamster V79 cells (28) . However, when introns 5 and 6 were included in the minigene at their normal locations in the coding region, expression increased approximately 8-fold. The stimulatory effect is not intron-specific since inclusion of introns 1 and 2, 3 and 4 or intron 3 alone also led to a 3 -20-fold increase in the level of expression (29, 30) . The effects of the introns are not additive; rather, the level of expression of the minigene appears to be determined by the intron providing the highest degree of stimulation. Deletion of almost all of the interior of introns 5 and 6 had no effect on their ability to increase TS gene expression, which argues against the presence of a transcriptional enhancer sequence within the introns.
Unexpectedly, inclusion of intact intron 4 alone at its normal position in the TS coding region led to a decrease in the level of expression relative to that observed with the intronless TS minigene (29) . TS intron 4 represents a highly unusual example of an intron that is unable to stimulate expression of an introndependent gene. When another intron was included with intron 4 in the TS minigene, expression was elevated relative to the intronless minigene. This indicates that the inhibitory effect of intron 4 is recessive to the stimulatory effect of other introns.
The goal of the present study was to determine why intron 4 is unable to stimulate expression. Analyses of this unusual intron might provide unique insight into the mechanisms by which introns stimulate and inhibit gene expression. Our approach was to attempt to convert the intron into a stimulatory intron by deleting sequences within the intron that may be responsible for inhibiting expression or by making specific changes in sequences that are important for splicing. Our results suggest that the inhibitory effect of TS intron 4 is due to inefficient splicing of the intron which is caused by inefficient recognition of the splice donor sequence by Ul snRNA.
MATERIALS AND METHODS
Tissue culture and transfection TS(-) V79 Chinese hamster fibroblasts (31) and COS-1 cells (32) were cultured in Dulbecco's modified Eagle's medium (GIBCO) supplemented with 10% NuSerum (Collaborative Research). The medium for the V79 cells was also supplemented with 50 jtM thymidine. Cells were transiently transfected by the calcium phosphate method (28, 29) . Routinely, 12 pmole of the test plasmid and 3.0 /tg of control plasmid [pSV2cat, pSI 56 S, or TI 56 G(d)] were used per 10 cm tissue culture dish. The cultures were harvested for protein or RNA analysis two days after transfection.
Minigenes
The TS minigenes used in these studies contained 1 kb of 5' flanking DNA and 0.25 kb of 3' flanking DNA linked to the first and last exons of the TS coding region, respectively. TS minigenes that are cloned into pUC18 are designated with the prefix 'p' whereas those cloned into pBS(+) (Stratagene) have the prefix 'bs'. The intronless minigene (pTTT) has been described (30) . pTIjT contains intact intron 1 at its normal location in the coding region (18) . In some cases, the minigenes were tagged with a 57 bp deletion between two adjacent BamYK sites in exon 3. Such minigenes were indicated with the suffix '(d)'. The control minigene, pSI^S, contains the SV40 early promoter and polyadenylation signals linked to the TS coding region that contains introns 5 and 6 at their normal locations. This minigene was constructed by replacing the TS polyadenylation signal of SI^T (30) with the SV40 early polyadenylation signal, which leads to increased expression. The control TS minigene, p r n 56 G(d), was described previously (18) . It contains the human /3-globin polyadenylation signal in place of the normal TS signal to boost the level of expression.
Intron-deficient derivatives of the mouse ribosomal protein L32 gene (21) were provided by Robert Perry. The rpL32A123 gene (Fig. 1 ) lacks all three introns, while rpL32A12 lacks introns 1 and 2. A123-Ild2 (Fig. 1) SI nuclease protection assays Whole cell RNA was isolated using the guanidinium isothiocyanate procedure (33) . The RNA was ethanol precipitated 3 times to remove any residual guanidinium salt. Total cytoplasmic RNA was isolated by lysing the cells with buffer containing Nonidet P-40, removing the nuclei by centrifugation and purifying the cytoplasmic RNA by phenol-chloroform extraction (34) . In some experiments, poly (A) + RNA was isolated by oligo(dT)-cellulose column chromatography (35) . SI nuclease protection assays were performed with total cytoplasmic RNA or with poly(A) + RNA as described previously (29, 36) using the end-labeled probes described in each figure. The reaction products were analyzed on a 6% polyacrylamide sequencing gel and quantitated with a Betascope 603 beta scanner (Betagen).
DNA sequencing
The sequence of intron 4 was determined in both directions by the Sanger procedure (37) using sequencing kits obtained from USB.
Enzyme assays TS enzyme level was determined by measuring the formation of the covalent inhibitory ternary complex between TS, 5,10-methylene-tetrahydrofolate and [
3 H]-FdUMP and expressed as cpm [ 3 H]-FdUMP bound//tg protein (38) . Chloramphenicol acetyltransferase (CAT) enzyme activity was determined using a thin layer chromatography assay (29, 39) . The chromatograms were quantitated in the beta scanner.
Deletion and site-directed mutagenesis Intron 4 alterations: Restriction fragments that contained the region to be altered were cloned into pBS(+). Site-directed mutagenesis was performed by the procedure of Kunkel (40) , using the positive strand of the plasmid as the template. Singlestranded, uracil-containing DNA was rescued from E.coli CJ236 with the use of VCS M13 helper phage (Stratagene). The mutated regions were sequenced to confirm the presence of the desired alteration and the absence of additional changes.
Mutations in sequences of intron 4 that were likely to be important for splicing were made using the following mutagenic oligonucleotides (in 5' to 3' orientation): improvement of the branch point (bp), GGTTTGATATATCTGTTAGTAAA-GGTAAAATAG; creation of an upstream branch point (upbp), CAAGCCAACCAGTTAGTAAAACAGCCAGC; removal of the potential alternate splice acceptor site (nag), GGTTTG-ATATAGGGATGAGAAAGG; creation of a consensus Ul snRNA binding site (ul), CTGGGATGCTACTTACC-TGTTGGGTTCC. Another mutation, in which all purines were changed to pyrimidines at the 3' end of intron 4 (pp), used C-TGAGGAGAGAAGGGGAAAGAGAGAGGGATGAG as the mutagenic oligonucleotide and intron 4 with the (nag) alteration as the template. The large internal deletion of intron 4 was created by removing a 469 bp Ball-Styl fragment from the intron, filling in the overhang with E. coli DNA polymerase (Klenow fragment) and ligating the blunt ends. Small internal deletions at the 5' end of intron 4 were created by linearizing pTI 4 T or bsTl4 Ul T with Ball. The product was incubated with Bal 31 for different times. The DNA was then ligated and transformed into E.coli. The deletion end points were determined by sequence analysis.
The altered sequences were introduced into the TS minigenes by exchanging a small restriction fragment that contained the altered region for the corresponding fragment from a TS minigene in the Bluescript vector. An appropriate region of the final construction was again sequenced to confirm the presence of the desired mutation. Minigenes that contained mutations at both the 5' and 3' ends of intron 4 were created by substituting the Styl-BglR fragment of the minigene that contained the ul mutation in intron 4 with the corresponding fragment from minigenes that contained the desired mutations at the 3' end of intron 4.
Intron 1 alterations: pTI ldl T, previously designated pTI ld T (18), was derived from pTIjT by deleting a Smal-PvuD. fragment from the interior of the intron. The deleted intron retains 100 nucleotides at the 5' end and 95 nucleotides at the 3' end of the intron. pTI ld 2T was derived from pT^T by deleting the AatU-PvuU fragment from the interior of the intron. The intron retains 35 nucleotides at the 5' end and 95 nucleotides at the 3' end of the intron. The 5' splice sequence of TS intron 1 in pTI ldl T was changed to that of TS intron 4 using the mutagenic oligonucleotide CAGCCTGAAGGTGGACGGGGCTTGG. This minigene was named pTI tuldl T.
RESULTS

Sequence of intron 4
To facilitate the analysis of the sequences that might be responsible for the inability of intron 4 to stimulate expression, the complete nucleotide sequence of the intron was determined ( only a 4 out of 9 base match to a perfect Ul binding domain (CAGgtaagt), which is the lowest match of all of the TS introns (27) . Even allowing for G-U base pairs, the match is only 6 out of 9. The mismatches are on both sides of the splice junction. A closely related sequence (aaggtggcc), which might represent an alternative splice donor site, was also found beginning 60 nt downstream of the normal donor site (indicated by ** symbols). The intron lacks a yeast consensus branch point sequence (tactaac box) near the 3' end. However, a possible branchpoint sequence (ttctcat) near the 3' end of the intron (indicated by + + symbols) was noted. It is flanked on both sides by polypyrimidine stretches. The 3' splice acceptor site (tctcctcagAT) lies 28 nt downstream of the putative branchpoint and is preceded by a pyrimidine-rich region. A possible alternative 3' acceptor sequence (agat preceded by a pyrimidine-rich region, indicated by # # symbols) is immediately downstream of the putative branchpoint. A search of GenBank (Release 74.0) for sequences homologous to TS intron 4 was performed at the NCBI using the BLAST network service (41) . This search revealed that there were several regions of significant homology with human TS intron 4.
Intron 4 does not stimulate expression of the intronless rpL32 gene
The inability of intron 4 to stimulate expression might be due to sequences within the intron or to the context of the intron within the TS minigene. To distinguish between these possibilities, the intact TS intron 4 was inserted into an intronless version of the mouse ribosomal protein gene rpL32 (Fig. 1) . Expression of the rpL32 gene is highly dependent on the presence of introns (21) . As a control, a stimulatory intron from the TS gene (an internally deleted version of intron 1, Ild2) was inserted at the same location of the intronless rpL32 gene. A second control minigene contained intact intron 3 of the rpL32 gene at its normal position in the coding region. The intronless and intron-containing derivatives of the rpL32 gene were transiently transfected into COS-1 cells and the levels of expression were analyzed by SI nuclease protection assays (Fig. 3) . Quantitation of the radioactivity in the various bands using the beta scanner revealed that the presence of rpL32 intron 3 led to a 30-fold increase in mRNA level relative to the intronless rpL32 minigene, in good agreement with previously published results (21) . Inclusion of internally deleted TS intron 1 increased expression approximately 8-fold, which is similar to the level of stimulation observed in the TS minigene (Table 1) . However, inclusion of intron 4 increased expression less than 2-fold. Values are normalized to that observed with the intronless minigene and represent the averages (± standard deviation) of at least three independent experiments.
Therefore, it appears that sequences within intron 4, or immediately adjacent to the intron, are responsible for its inability to stimulate gene expression.
Deletion of the interior of intron 4 has no effect on expression
The inhibitory effects of intron 4 could be due to the presence of internal sequences that had an inhibitory effect on the production of cytoplasmic mRNA. For example, the intron might contain sequences that block transcriptional elongation, target the primary transcript for rapid turnover, or prevent efficient processing. To explore this possibility, the interior of intron 4 between the Ball and Styl sites (see Fig. 2 ) was deleted to form pTXyT. The minigene was transiently transfected into TS(-) V79 hamster cells and the effect on minigene expression was determined. The results of these analyses showed that deletion of the interior of intron 4 did not convert the intron into a stimulatory intron. Instead, the deletion led to a slight decrease in TS enzyme level and mRNA content ( Table 1) . The intron 4 internal deletion did not remove the alternative splice donor site that is located 62 nucleotides downstream of the normal donor site (Fig. 2) . To determine if removal of this alternative site would affect the level of expression, an intron 4-containing minigene was created in which intron sequences that encompassed the alternative splice donor site were deleted. The small internal deletion, which was created by Bal 31 digestion of pTLtT at the Ball site (see Fig. 2 ), eliminated 26 nucleotides 5' to the Ball site and 34 nucleotides 3' of the Ball site and is designated pTl4(_26 i+ 34)T. This deletion also did not convert intron 4 into a stimulatory intron ( Table 1) .
Effects of point mutations at the splice sequences of intron 4
The above observations indicate that the sequences responsible for the inability of intron 4 to stimulate expression are located in close proximity to the intron-exon boundaries and may correspond to sequences that are important for splicing. In particular, the intron may be spliced inefficiently as a result of suboptimal splice sequences. To test this possibility, we altered the splicing signals at both ends of the full length intron so that they were in agreement with the consensus sequences and determined if any of the improvements converted the intron into a stimulatory intron. The mutations that were introduced are summarized in Fig. 5 . 56 S. Total cytoplasmic RNA was analyzed by SI nuclease protection assays. The probe, which was derived from the control gene and which retains the BamHl fragment, was 5' end-labeled at the BglU (G) site in exon 5 and extends to the Ndel (N) site in the vector. The band at 218 nucleotides corresponds to RNA derived from the test minigenes that lack the BamHl fragment while the band at 640 nucleotides corresponds to transcripts that are derived from the S Since earlier studies showed that the yeast consensus branchpoint (tactaac) is very efficiently recognized in mammalian systems (42), we introduced this sequence at two locations near the 3' end of the intron. First, a tactaac box was inserted upstream of the putative branch point to form the minigene bsTttupbpT. Second, the putative branch point sequence (ttctcat) was converted to a tactaac box to form bsTI^T. Third, the 'agat' sequence that is adjacent to the putative branchpoint was altered to form the minigene fasTI^T. The nag mutation might increase splicing efficiency by eliminating steric hinderance between splicing components that bind to a branchpoint sequence and the acceptor site or by eliminating competition between the two acceptor sites. Fourth, all purines in the polypyrimidine stretch preceding the wild-type acceptor site were changed into pyrimidines to form the minigene bsTLjppT, which was shown to increase splicing efficiency in other genes (43) . Unexpectedly, none of the alterations at the 3' end of intron 4 resulted in a significant increase in TS enzyme level or mRNA content (Fig. 4 and Table 1) .
As mentioned earlier, the 5' splice donor site of intron 4 exhibits only a 4 out of 9 match to the consensus sequence, which is complementary to Ul snRNA. This sequence was changed so that it would be completely complementary to Ul snRNA (9 out of 9 match) to create the minigene bsTI^iT. This change resulted in a 6-fold increase in TS enzyme level relative to the intronless minigene, or a 15-fold increase relative to the minigene that contained wild type intron 4. A corresponding increase in mRNA content was also observed (Fig. 4 and Table 1 ).
To determine if the level of stimulation could be further increased, double mutations were analyzed in which the bsTl4 Ul T mutation was used in combination with mutations at the 3' end of the intron. No further increases were observed with any of the double mutations that were analyzed (Fig. 4 and Table 1 ). In addition, deletion of 9 nucleotides upstream of the Ball site in pTl4 Ul T (which eliminated the potential alternative splice donor site) to create bsTI 4ul (_ 9 0 )T also did not lead to a further increase in expression.
Alteration of the splice donor site of intron 1
The sequence of the splice donor site of TS intron 1, a stimulatory intron, is GAGgtaact, which is a 7 out of 9 match to the consensus sequence. To further explore the importance of the Ul site for the intron stimulatory effect, the splice donor sequence of TS intron 1 was changed to AAGgtggac, which is the same as that found in intron 4. The internally deleted version of intron 1 (Ildl) was used in this analysis to facilitate the construction of the minigene, which was designated pTI lul dl T. The alteration also led to a 1 base deletion in exon 1, so it is not possible to measure TS enzyme levels in experiments involving this mutation.
As shown in Fig. 6(A) , SI nuclease protection analyses of the cytoplasmic RNA derived from pTI lul dl T revealed that the Ul mutation in intron 1 inhibited the splicing of this intron. There was almost no radioactivity at 84 nucleotides, corresponding to normally spliced mRNA. (The small amount of radioactivity at this position does not co-migrate with the band derived from normally spliced TS RNA and may represent background at this position). Instead there was a band at 494 nucleotides, corresponding to RNA that retained the intact intron. Quantitative analysis of cytoplasmic TS RNA (Fig. 6B ) revealed that the pTI lu i jd iT minigene was expressed at about die same level as the intronless TS minigene pTTT. In three determinations, the expression level of pTI lul dl T was 1.27 ±0.4 relative to pTTT. Therefore, the Ul alteration of intron 1 eliminated the ability of the intron to stimulate production of TS RNA.
We have also performed similar studies on a TS minigene mat contains an internally deleted version of TS intron 2, which is also a stimulatory intron. We have changed the splice donor site of intron 2 from AAGgtaaggg to AGCttaaggg, which should completely inactivate the splice donor site. Unfortunately, this alteration did not prevent splicing of the intron, presumably due to the activation of a cryptic splice donor site. Nevertheless, expression of this minigene was reduced about 2-fold relative to the minigene that contained the normal splice donor site (data not shown).
DISCUSSION
In the present study, we have taken advantage of the novel properties of TS intron 4 to gain additional insight into the mechanisms by which introns stimulate gene expression. We show that insertion of intron 4 into an intronless version of the mouse rpL32 gene had little effect on expression, whereas insertion of TS intron 1 led to a large increase in expression. This indicates that the inhibitory effects of intron 4 are most likely due to sequences within the intron. Deletion of most of the interior of intron 4 did not convert it to a stimulatory intron, indicating that the defect is related to sequences that are near the intron-exon boundary. These observations are consistent with the possibility that the stimulatory effect is related to the splicing signals as suggested in earlier studies with other intron-dependent genes.
The sequences that are important for splicing of TS intron 4 do not conform to the consensus sequences (44) . The polypyrimidine stretch at the 3' end contains a number of purines; the sequences in the vicinity of the putative branch point and 5' donor site are not complementary to U2 and Ul snRNAs, respectively; and there are potential alternative donor and acceptor sequences near the 5' and 3' ends of the intron. Earlier studies have shown that improving the branch site or die splice donor site, removing pyrimidines from the purine stretch preceding the splice acceptor site, or deleting potential alternative splice sites can lead to an increase in efficiency of splicing (42, 43, (45) (46) (47) . Therefore, it was surprising mat most of the improvements of these sequences in TS intron 4 had no detectable effect on the ability of the intron to stimulate gene expression.
The only modification that converted intron 4 to a stimulatory intron was modification of sequences at the splice donor site. Intron 4 has a poor (4 out of 9) match to the consensus sequence at the splice donor site, which is complementary to nucleotides near the 5' end of Ul snRNA. When the sequence in this region was changed so that it represented a perfect consensus sequence (9 out of 9 match), the intron was converted to a stimulatory intron.
The Ul modification is unlikely to affect promoter strength or stability of the spliced RNA. The most likely explanation for our observations is that the change has improved the efficiency of the splicing reaction. This is in line with earlier in vitro splicing analyses with other introns which have shown that changes in the splice donor site that vary the degree of complementarity with Ul snRNA can have significant effects on splicing (46, (48) (49) (50) .
Another possibility is that the stimulatory effect is simply due to the presence of a Ul snRNA binding site within the transcript. This alternative appears unlikely in view of the fact that the TS open reading frame already contains several regions that show reasonable complementarity with Ul snRNA. These include the sequences CAGGTGGAG (between 88 and 96, which represents a 5 out of 9 match with a perfecdy complementary sequence), GAGGTCAGG (between 624 and 632, 6 out of 9 match) and CAGGTGATT (between 716 and 724, 7 out of 9 match). The extent of match is at least as good as that found at the splice donor sites of many introns.
To further explore the role of the splice donor site in the stimulatory process, the donor site of a stimulatory intron (TS intron 1) was modified so that it was the same as that found in TS intron 4. This alteration led to nearly complete inhibition of formation of normally spliced mRNA, although unspliced cytoplasmic RNA that retained the modified intron was readily detected. The amount of unspliced RNA was similar to the amount of RNA derived from the intronless TS minigene. These observations further strengthen the idea that there is a correlation betwen splicing efficiency and the stimulatory effect of introns.
It is interesting that the same splice donor sequence had somewhat different effects in two different introns. In intron 4, the splice donor sequence was capable of participating in accurate splicing, albeit at a low efficiency. However, when the same sequence was introduced into intron 1, it was no longer capable of participating in splicing. Furthermore, cytoplasmic transcripts that retained the modified intron 1 were readily observed, while transcripts that retained intron 4 were not observed. Presumably, other sequences within the intron (or perhaps in the surrounding exons) affect the splicing efficiency of the intron or the stability or cytoplasmic export of the intron-containing transcripts (51).
It is not clear how the addition of an efficiently spliced intron to an intronless minigene leads to an increase in gene expression. Addition of an intron substantially increases the complexity of the reactions that are necessary for conversion of the initial transcript into a mature cytoplasmic mRNA. Therefore, it might seem unlikely that this would lead to increased expression. There are several possible mechanisms by which addition of an intron might increase mRNA production. The splicing reaction itself may stabilize the initial transcript by removing nuclease target sequences that are present in the intron or by masking these target sequences. In the case of intron 4, these target sequences may be inefficiently masked or removed since spliceosomes may assemble very inefficiently on TS transcripts that contain only intron 4. In line with this, we have never been able to detect (by Northern blot or SI protection analyses) the accumulation of intron 4-containing transcripts within the nuclear compartment. It appears that the transcripts are either spliced or destroyed rapidly after they are transcribed. The fact that transcripts that retain modified intron 1 accumulate in the cytoplasm may be due to the deletion or inactivation of sequences that are responsible for nuclear retention or for rapid destruction of the intron.
Splicing of mRNA precursors is believed to occur in association with discreet structural features of the nucleus (1,52). Pederson's laboratory has recently shown that intron-containing globin RNA is localized to discrete regions in the nucleus which are enriched in splicing factors whereas intron-lacking transcripts do not localize to these regions (53) . Thus splicing reactions may be compartmentalized within the nucleus. Lawrence and coworkers (54) have shown that mRNA precursors are localized to well defined tracks in the nucleus that overlap with the site of transcription, and that splicing appears to occur along these tracks. There is also good evidence for coupling between the splicing and polyadenylation reactions (55 -58) , suggesting that all of the RNA processing reactions may occur within the same compartment. Transcripts within these compartments may be protected from nuclease attack and be efficiently processed and exported to the cytoplasm whereas transcripts outside of these compartments may be inefficiently processed and readily attacked by nucleases. Interaction of the nascent, intron-containing transcript with Ul snRNP at the splice branch point (one of the initial steps in the splicing reaction) may be important for directing the transcript to these specialized regions. Transcripts that lack introns, or that are poorly recognized by Ul snRNP, may not be targeted to these regions and may therefore be more susceptible to degradation within the nucleus.
The necessity of introns for efficient mRNA production is not universal since some mammalian cellular and viral genes naturally lack introns and are expressed at high levels (59) (60) (61) (62) , and removal of the introns from certain genes has little effect on their levels of expression, at least in cultured cells (23, 63) . Furthermore, the ability of introns to stimulate expression also appears to depend on the nature of the promoter that is linked to the minigene (64). These observations suggest that there are at least two pathways for production of cytoplasmic mRNA in mammalian cells. One depends on the presence of introns while the other does not. Elucidation of the differences in these pathways may lead to additional insight into the complexities of gene regulation in mammalian cells.
